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To model the possible formation of coupled spatial corrugations and charge density modulations in lamellar
DNA—lipid complexes, we use a free energy functional which includes the electrostatic, lipid mixing, and
elastic degrees of freedom in a self-consistent manner. We find that the balance of forces favors membrane
corrugations that are expected to be stable with respect to thermal membrane undulations for a certain range
of lipid (charged and uncharged) composition. This may lead to locking between DNA strands in adjacent
galleries of the complex. Furthermore, the possibility of membrane corrugations renders the lamellar complex
more stable with respect to another, hexagonal, BMNpid phase.

1. Introduction conclusion, it was found that the complexes are maximally stable

.. at theisoelectric point where the total surface charges on the
The condensed complexes formed between DNA and cationic pa and lipid layers are equal in magnitude, enabling perfect

lipids, also known as “lipoplexes”, have attracted much attention charge matching and hence maxincalnterion releasejust

in recent_years, mainly because of their_ potential use as nonviral g in the interaction between two infinite, oppositely charged
transfection vectors for gene therapy.Lipoplexes are formed planar surfacet)11.13-15

spontaneously in aqueous solutions upon mixing DNA and Linoplex formation hiahliahts all of the uniaue properties of
liposomal lipid bilayers composed of cationic lipids (CL), . -Ipopiex : IghiIgNts ¢ the unique properti
lipid membranes, namely, their beingelf-assembledwo-

electrically neutral, "helper” lipids (HL), and possibly additional dimensionalfluid mixtures flexible with respect to curvature
molecules such as cholesterol. Detailed structural measurementsdeformations These ros erties are enefall counled to each
primarily X-ray, freeze fracture electron microscopy, and cryo- : prop 9 y p

transmission electron microscopy (cryo-TEM) studies, reveal other. For instance, S|multaneous_charge-curva?ure modu_latlons
two major lipoplex geometries: Iamellari]_and hexagonal appear to play an important role in the undulation behavior of

3-8 ' o mixed lipid bilayerst® Similarly, this coupling affects the
(H;)->"® The lamellar complexes are smectic-like arrays of

S g adhesion characteristics of two apposed membranes or a
stqcked lipid bilayers with m_onolayers Of.D.NA m_oleculeg, membrane to a surface. Membrane elasticity, fluidity, and self-
oriented parallel to each other, intercalated Wlth!n the intervening assembling properties of lipids play a crucial, generally syner-
water 9aps. The hexagpnal cor‘r‘1ple>ie's consist of an InVerse'gistic, role in the interaction between lipid bilayers and
he>_<agc_>na| lipid phase, with DNA “rods mtercalateq‘wnhmthelr _biopolymers such as DNA and proteins. For example, the
cylindrical aqueous tubes. These hexagonal, or “honeycomb

complexes, may also be depicted as a super-lattice of hexagoformaltion of hexagonal lipoplexes from DNA and planar
nally packed “monolayer coated DNA” units. A third (“spagheti- bilayerscould only happen because the lipids constituting the

like”) lipoplex geometry consists of a single (double stranded bilayer can reassemble in the hexagonal symmetry. The elastic
or supercoiled) DNA enveloped by a lipid bilayer. Theory properties of the lipids govern the preferred complex geometry.

suggests that this structure is metastable with respect to theFOr instance, it is well-known, and understood, that “soft” lipid
il h i I ing rigidi
hexagonal geometd. bilayers (characterized by small bending rigiditys® ks T) tend

. . . . ) . to form Hﬁ rather than ﬁ complexes, because the former
Frpm a physicochemical viewpoint, lipoplex formathn enable better electrostatic matching. The preferred geometry can
prOV|d'es. one of the maost s.trlkln.g examples Of, Macrolon 554 pe controlled by tuning the sponatenous curvatty)eof
association in solution, featuring rich and theoretically chal- " /oL mixture: for example, the helper lipid DOPE

{?:SC'ITJ?VEZZﬁi gggwcs)ggt?gjtg bsoklz\’t'ﬁéz're':gg;ﬂ;tzggeé;t)gz:i?nt;ie'?dioIeoyIphosphatidylethanolamine) possesses negative spon-
’ - i 9,17
tally, that the spontaneous association of DNA and CL/HL tar[;ee?g; (;urz\/;tfllJL:E tr:lljxsuji;lot::gglfgi TSZirane allows its

bilayers is driven by the entropic gain associated with the release X ] -
into the bulk solution of the counterions previously bound to constituent molecules to diffuse within the membrane plane,
these, oppositely charged, macroidfsi2 Consistent with this enabling them to respond to interactions with n(_al_ghbonng
macromolecules througtocal changes in compositionin
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Figure 1. (a) Schematic illustration of the Iamellarf;(LIipid-DNA complex. (b) lllustration of the complex (quarter) unit cell.

The ultimate “annealed” composition profile reflects a balance special “sliding phase” has attracted considerable theoretical and
of these opposing tendencies. experimental attentiof?~26 However, no explanation has been
As noted above, very “soft” (low) or “curvature-loving” provided regarding the molecular origin of the interactions
(negative cp) lipid mixtures will typically prefer the high favoring the appearance of such a phase.
curvature of the hexagonal complex over the planar geometry The possibility of membrane curvature modulations in an
of the lamellar complex. Moderately soft bilayeks~¥ 10ksT) Lg-like complex has recently been addressed by Schiessel et
will generally prefer the planar symmetry of th§ complex al2728 Treating the electrostatic interactions in the linearized
but may nevertheless develop sizable curvature modulations,(Debye—-Huckel) limit of Poisson-Boltzmann (PB) theory,
as depicted in Figure 1a. These membrane corrugations providehese authors derive scaling relations between the amplitude of
partial enveloping of the DNA rods by the lipid bilayer (thus membrane curvature undulations, bending rigidity, and surface
improving the electrostatic matching) provided of course that charge density. Their model does not allow for lipid mobility
the local change in membrane curvature is “in-phase” with a within the membrane plane, treating the bilayer as a (flexible)
local variation in membrane charge density. In other words, the surface of uniform charge density and elastic properties. In
curvature and lipid compositioncorrugation profiles are inti- addition, the membranes are treated as transparent with respect
mately coupled to each other and dictated, as usual, by theto the electric field. For lipid bilayers of typical bending rigidities
requirement for a global minimum of the complex’s free energy. (x ~ 10kgT), the amplitudes are found to be quite small, on the
Our goal in this work is 2-fold. First, to show how the order of 1 A. The authors did not consider the stability of
coupling between the bilayer’s lipid composition and curvature membrane corrugation with respect to thermal curvature fluctua-
degrees of freedom is reflected in the interaction free energy of tions.
a macroion-membrane system. The second is to examine the
consequences of this coupling with respect to the structure, 2. Theory
stability and phase behavior of th‘% tomplex. Our approach — \ye model the £ complex as an ordered array, periodic in
is based on an extension of a_u_nlfled th_eoretlcal scheme allowingipe xy plane, and translationally invariant along theaxis,
for the explicit inclusion of lipid mobility effects (and hence parallel to the axial direction of the DNA molecules (see Figure
local demixing) in the electrostatic free energy of membrane 1). Suppose there aié* cationic lipids,N° helper lipids, and
macroion system, such as the lcomplex, or a “protein- M DNA (phosphate) charges in an arbitrary, large portion of
dressed” membrarié.!°Fleck et ak® have recently shown that  the complex. The structure and free energy of the complex
the electrostatic free energy may be further generalized so asgepends on two intensive composition variables, namely, the
to include the effects of ionizable (i.e., not fully ionized) lipid average mole fraction of charged lipjd= N*/(N* + N° and
headgroups. In their study, as in our previous work, the lipid the ratiop = N*/M between positive (lipid) and negative (DNA)
bilayers were treated as perfectly planar. In the present work, charges. (We assume that the cross sectional areas per CL and
as we have just stressed, we explicitly allow for curvature HL are equala, so thatg is also the area fraction of charged
modulations. lipid in the bilayer.) All other composition variables are assumed
Membrane corrugation, as schematically illustrated in Figure to be fixed, in particular, the salt concentration in the bulk
1a, suggest the possible appearance of spatial correlationssolution (dictating a Debye screening lendggh= 10 A). In
between monolayers of DNA in neighboring “galleries”. Cryo- principle, at equilibriumg and p dictate all of the structural
TEM studies of the ﬁ phase seem to support this notfon.  characteristics of the complex, such as the interaxial distance
Similarly, X-ray measurements clearly indicate correlated between neighboring DNA molecules, the interbilayer
curvature-charge corrugation and 3D registry between galleriesdistanceh, and the thickness of the lipid bilayess, Ignoring
in an Lg complex. However, the lipid layers in this experi- the electrostatic coupling between charged surfaces belonging
ments were in their crystalline (“gel”) phadkFurther support to the same bilayewy does not enter our model. This assumption
for the possible appearance of membrane corrugations isholds whenegi/ewater < W/p With €5 &~ 2 and eyaer ~ 80
provided by computer simulations of the lamellar compiex.  denoting the dielectric constants within the hydrophobic (“oily”)
When the amplitude of membrane corrugation is small, there interior of the membrane and the aqueous solution, respec-
is no a priori reason for spatial “locking” of DNA monolayers tively.2° Typically, Ip ~ 10 A andw ~ 40 A, ensuring the
belonging to different galleries. Yet, even in the absence of fulfilment of the above inequality. Note, however, that the
membrane troughs, DNA rods in adjacent galleries may be bilayer thickness plays an important role in determining the
correlated with each other through other interaction mechanisms.bending rigidity«. Finally, both experimentallyand theoreti-
It is also possible that, while positional correlations between cally’? it was shown that the thickness of the water gapis
DNA rods in neighboring galleries no longer exist, orientational essentially independent af, for all relevant compositions.
correlations are preserved. The possible appearance of this rathe€onsistent with this finding, we shall uke= 26 A, thus setting
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the DNA—membrane minimal distance to 3 A, corresponding
to the thickness of the thin hydration layer separating the lipid
and DNA charges, (the diameter of double-stranded DNA is
~20 A). The DNA molecules are modeled as cylindrical rods
with a radiusR = 10 A. We assume DNA (double) strands to
be uniformly charged on their surface with a charge density
= e/27RI ~ 0.15CnT1?, corresponding to an average distance
between charges along the B-DNA axislof 1.7 A, with e
denoting the elementary charge. The validity of this approxima-
tion has previously been discusséd®

We assume that prior to complex formation the lipid bilayer
is symmetric (comprised of two identical leaflets) and therefore
planar. Furthermore, the two-dimensional (2D) lipid mixture is
assumed to behave ideally. Upon complex formation with DNA,
neither the uniform lipid composition nor the planarity of the
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the membrane plane, with the integration extending over the
membrane surface. Locally, i.e., at agythe lipids are assumed

to be ideally mixedy = 5(x) denoting the local composition.
The local lipid composition must satisfy the conservation
constraint: Il = fs 7 ds.

The free energy functional consisting of the first three terms
has already been applied in a comprehensive analysis of the
perfectly planar £ complex!2 as well as in the study of
protein adsorptiod? The fourth term in eq 1 is new, accounting
for the curvature deformation energy of the (locally) cylindri-
cally bent lipid monolayers. We assume that the bending rigidity
of the mixed layerg, is the same for pure CL and HL layers
and is thus also independent of the CL/HL ratio. This assumption
is most reasonable for lipids of similar chain length. On the
other hand, the spontaneous curvatogdas generally rather

membrane are preserved. From the symmetry of the complexsensitive to the nature of both the tail and the head of the lipid

in Figure 1, it follows that both the local composition and
curvature profiles are functions &f Hereafter, we shall define
a unit cell of the complex as the region of dimensidns h x

I, encompassing the region bounded between two adjacent DNA

strands @ alongx) and two apposed bilayerbyalongy), and
an arbitrary length along theaxis which later, in the numerical
calculations, we set to = 1 A. The composition and curvature
profiles, defined within the unit cell, will be denoted lpx)
and c(x), respectively. The curvature profile is equivalently
specified byh(x) the local distance between the surfaces of
apposed bilayers. All of our calculations are performed per unit
cell of the complex, implying that we cannot account for
modulations of length scale larger thdnwhich, we believe,
are totally irrelevant. Another convenient structural characteristic
is the contour lengthly, along the membrane interface,
extending from one DNA to the next; = d, with the equality
holding for a perfectly planar complex. Becauggs propor-
tional to the number of lipid molecules within a unit cell, it is
a constant with respect to variations ¢x) and is therefore
convenient computationally.

Usingf. = fo(¢, Im, h) to denote the free energy per unit cell,
we express this functional as a sum of four terms

— [ €ran2
fc—{z(vw) dv
n, n_
+kBT[ n+Inn—0+n_Inn—O—(n++n_—2n0) dv
ke T 1-
+?[’nlng+(1—n)lnrg]ds

TGOS &)

The first term here is the electrostatic energy, wittenoting
the dielectric constant of wates;= ege;, and we shall assume
€ = 78, whereasy is the permittivity of vacuum. The reduced
electrostatic potential igy = ep/ksT, kg is Boltzmann’s constant,
T is the temperature, angd = ¢(X, y) is the local value of the

constituents and is thus a more sensitive function of the lipid
composition. Following previous analysis, we use the linear
interpolation dependen®&cy(n) = c§ + 7(c5 — ), wherecS

and ¢} are the spontaneous curvatures of the cationic and
helper lipids, respectively.

The equilibrium characteristics of the complex, including the
membrane and composition profiles and its free energy, are
determined, for any giveg, h, andd (or In), by the simultaneous
minimization of f; with respect ton.(x, y), #(X) and h(x) (or
c(x)) subject to the charge conservation conditjoy(x) dx =
Im¢. Although possible, this multidimensional minimization
yields a set of equations whose numerical solution is quite
impractical. We shall thus adopt a somewhat less general, yet
similarly informative, procedure and determine the equilibrium
fc in two stages. We shall first minimiZgfor a given curvature
profile h(x) and then optimize it with respect t§x). The first
minimization step yields the usual Boltzmann distributions for
n.(X, y), which upon substitution into Poisson’s equation yield
the PB equation

I,> V2 = sinhy 2)
with Ip = (eoerks T/2n0e?) 2 denoting the Debye screening length.
The minimization (with respect tg(x)) yields the additional
equation

1_
'”H‘ ws— A= r{c— [cgy + o1 — e — @)

®3)

where 1 is the Lagrange multiplier conjugate to the charge
conservation constraint angs is the reduced potential at the
membrane surface. Equation 3 may also be regarded as the
condition for constant electro-chemical potential of the charged
lipid (here given byl) everywhere in the membrane. This
equation, together with Gauss’ law

ek T

O'+(X) = - vas’ﬁ

(4)

represents the boundary condition for the electrostatic potential

electrostatic potential. The second term accounts for the on the membrane surface (boundary V in Figure 1b) for a

translational (“mixing”) entropy of the mobile ions in the
complex interior, relative to their entropy in the bulk solution,
with n. = ny(x, y) denoting the local concentrations of the
mobile electrolyte ions andg their bulk concentration (we
assume a 1:1 electrolyte). The integration in the first two terms
extends over the volume of the unit cell. The third term accounts
for the local mixing entropy of charged and neutral lipids in

surface with charge density"(x) = ey(x)/a. In eq 4,1 is the

unit vector normal to the boundary (pointing into the dielectric
medium). Equations 24 must be solved self-consistently,
yielding the electrostatic potential and the composition profile
corresponding to the prescribed curvature profile. The other
boundary conditions (pertaining to-IV in Figure 1b) are
standard, as in ref 12.
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The next stage involves the determination of the curvature
profile, h(x). In principle, one could perform a general shape 4
minimization, expressing(x) as a Fourier sum and evaluating
the amplitudes of different wavelength membrane undulations. T
In the LS complex, the interaxial, DNADNA, distance sets ﬁ/ BS2
the natural wavelength in the problem equadlt®e shall thus
ignore contributions from any other wavelength and expnégs
as

1
h(x) =%A0 cos(20dd) + h, )

and determine the optimal amplitude of membrane corrugation, 4
Ao, by minimizingf.. Recall thathg = h(x = 0) — Ay = 26 A
is the interlamellar spacing in the planar complex. LT

The numerical procedure for solving the PB equafioff ﬁ/ sl 5
and for evaluating,;y has been described in previous wéfk.
We note that the validity of this mean field approach has also
been extensively discussed elsewh@re.

Membrane surface corrugation, i.e., periodic curvature de- 0 0204 0608 1
formations, can lead to registry between DNA monolayers in @
different galleries, provided their amplitude is larger than those Figure 2. Free energy of £ complex as a function af for I, = 73
of thermal membrane undulations. In determining the extent of 4 (i) 43 A (i), 23 A (). In a, « = 1keT andc} = ¢ = 0; (b) k =
thermal membrane undulations, we follow the ideal gas analogy 1T, ¢ = 1/100 A, andc = 0. The full line corresponds to the
of Helfrich and Servuss for the steric interaction in the lamellar corrugated complex, whereas the dashed line to the fully planar one.
phase of lipid$536In terms of the Monge representatiarx, All energies are given pel A length of DNA.
2) gives the vertical displacement of the surface from a plane grfaces to optimize the electrostatic interaction energy. Thus,
reference state. The amplltude of membrane thermal fluctuationsz; ihe isoelectric point, the effect of corrugation (i.e., better
depends on the material constariut also on the area of the  fjyting of apposed surfaces) on the complex free energy is most
undulating membrane patch. For a membrane patch oflafea  gpstantial. The largest gain in free energy due to corrugations
the mean square displacement of membrane height due o5 ~0 25T, The gain from this added degree of freedom for
thermal fluctuations (of a tensionless membraneuif&2 = a unit cell the size of DNA’s persistence lengii 50 nm, is
(keT/47%K)Y/2Lg. Melting of 3D order in the lamellar complex  therefore rather largex(125T).
is expected to take place when the thermal undulations corre-  \wnen more rigid membranes form complexes, the gain in

sponding to a membrane patch of ateé~ d? are on the order  gectrostatic energy is expected to be much smaller, because
of the membrane corrugation amplitud®. Thus, registry the penalty for bending is large; the membranes bend only

between galleries is expected when slightly, and consequently, the free energy is not substantially
changed. Figure 2b shows the complex free energy as a function
- kBTd 6 of membrane compositios, for membranes withr = 10kgT
Ao A3 (6) and for the same values bf as in Figure 2a. Here we choose

ch = 1/100 A, ¢ = 0, modeling a mixture of, e.g., DOPC
3. Results (dioleoylphosphatidylcholin) and DOTAP (dioleoyltrimethy-
lammonium propane). The gain in free energy following
corrugation is only=5kgT for a unit cell of lengthl,. Similar
results were obtained for membranes where the bending rigidity
wask = 10kgT andcg = 0, as before, but wimg =-1/25 A
(close to the elastic constants measured for DOPH.

Allowing for LS complex corrugation adds somewhat to its
stability as compared with the,‘ﬂ—phase. Figure 3 shows the
complex free energy as a function of membrane composition,
¢, for soft lipid membranesk(= 1kgT) andl, = 58 A (for
which the isoelectric point is &t ~ 0.35). For comparison, we
show the free energy of a complex where corrugations are
For comparison, we shov for a complex in which the suppressed and the membranes_ arg flat. In addition, we show
membrane is kept planar. the free energy of the competing, Hohase for the same

As has previously been showin all cases, a minimum in ~ number of lipids as in the iphase. The free energy for this
the free energy is found, corresponding closely to the isoelectric Phase has previously been derived using a similar model to that
point of the complex. Moreover, we find that the difference Presented here for the {Lcomplex, including the elastic,
between a complex with relaxed (corrugated) membranes andelectrostatic, and lipid demixing degrees of freeddfBecause,

a complex with constrained (uncorrugated-planar) membranein general, the spatial corrugations lower the free energy of the
is always largest at the isoelectric point. Close to the isoelectric lamellar complex, we can expect spatial modulations to play a
point, most of the counterions are already released into the bulkrole in stabilizing the { phase with respect to thejtphase.
solution. Therefore, further gain in free energy can only be This is reflected in the values @f at which the free energy
achieved by better charge and spatial matching of the apposecturves for the ﬁ and I—ﬁ cross when corrugations are allowed

3.1. Free Energy.The effect of membrane corrugation on
the complex free energy is greatest when the membrane rigidity
is small, so that the membrane can adjust its geometry to fit
the apposed DNA molecule, achieving better electrostatic
contact, at a relatively small elastic energy cost. Figure 2a shows
the complex free enerdy as a function of membrane composi-
tion ¢, for a soft membrane whose (monolayer) bending
modulus for both lipids i = 1kgT, and spontaneous HL and
CL curvatures are) = c5 = 0. All results are shown for 1 A
length of DNA. The complex free enerdy is shown as a
function of membrane compositiap, for three values ofy,.
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Figure 3. Lﬁ complex free energy as a function effor I, = 58 A Zm(A)

with allowed corrugations (dashed) and suppressed corrugations (dot-Figure 5. A, as a function ofl, for ¢ = 0.25. The three curves
ted). Also shown is the free energy of the hexagonal complex for the correspond toc = 1kgT Cg = & = 0 (solid line);x = 10ksT Cg —

same amount of lipid (full line). In all cases,= 1ksT andcg =c= 1/100 A, andc$ = 0 (dash-dotted);x = 10ksT. cg — —1/25 A, andc
0. The arrows mark the points of intersection between the free energy — g (gashed). In all cases, the calculated values are designated by full
of the lamellar and hexagonal complexes. symbols. The lines are guides for the eye.

observed for the membrane of lowgrin all cases, a maximum
in the corrugation is found at a certdin This |y, closely (but
not exactly) matches the isoelectric point. At the isoelectric
point, the proper release of counterions to solution ultimately
depends on the geometrical fit between macroions. It is also
clear from Figure 4a that a substantial corrugation is expected
for only a limited intermediateange of |,’s, for which the
corrugation is higher than the expected membrane thermal
undulations.

We next consider a more rigid membrares 10kgT, with
ch = 1/100 A andci = 0. Figure 4b shows the extent of
corrugation Ay, as a functior, for the samep values as shown
in Figure 4a. Again, the unshaded area corresponds to the
inequality in eq 4. As expected, for all valuesggfA, is smaller
than for the soft membranes. The maxima are somewhat shifted
to higherly, values. This can be easily understood. Because
is substantially higher, the elastic deformation energy cost is
higher. Whenl, is larger, the (average) curvature is smaller
for a certainAo. It follows that the membranes can deform at a
relatively lower energy cost whdp is larger. Again, it can be

20 40 60 80

I (A) seen that even when the membranes are stiff, stable corrugations
Figure 4. A as a function of, for (a) k = 1ksT andch = ¢ = 0; (b) may persist for a certaih, range. This is due to the fact that
k= 10ksT, c) = 1/100 A andc = 0. In a and b, the three curves  boththe thermal undulationand the corrugations are smaller
correspond to:¢ = 0.25 (full), 0.5 (dotted), and 0.7 (daskotted). for membranes of higher. These two effects compensate each

The unshaded area corresponds to eq 4. In all cases, the calculategyther to a large extent.
values are designated by full symbols. The lines are guides for the

eye. The arrows indicate the isoelectric point for each curve. A clear demonstration of the importance of the elastic

] . . contribution to the modulation is a comparison of three different
and when they are fo_rb|dden. The region algnipr which the  membranes, all with the samg = 0.25. In Figure 5, three
hexagonalf cotrl?plex is mtorg s'[ablei tha\?v the Iam;al:ﬁr or;]e IS hembrane types are compared, a soft membrare Tk T, Cg
harrower for the corrugated complex. YWe expect the phase _ cg = 0), a more rigid membrane with two lipid types of
boundary to follow this trend as well. The region for which the - h

(nearly) vanishing spontaneous curvatuke={ 10kgT, ¢, =

hexagonal complex will be found to be stable is expected to
d p P 1/100 A andc§ = 0) and a similarly rigid membrane with a HL

prevail for a more limited range aef’s. . . .
3.2. Corrugation Amplitude. Next we consider the corruga- characterized by a high negative spontaneous curvakure (

tion amplitude as determined from minimizing the free energy. 10keT, & = —1/25 A, andc§ = 0).
We first consider a soft membrane= 1ksT, with CB =c= Because the membranes corresponding to the three cases in
0. The extent of corrugation at equilibriusy, as a functiorin, Figure 5 bear a rather small charge density<0.25), the effect
for several values o is shown in Figure 4a. The unshaded ©f the uncharged lipid species is considerable. For membranes
area corresponds to the range given by eq 4, representingof @ small bending rigidity, the modulation will be large, as
corrugations that are stable with respect to thermal undulations.€xpected. More complex is the case where the bending rigidity
The maximal corrugation occurs for membranes of pw  is non negligible £ = 10kgT). In this case, there is a pivotal
When the membrane is of low charge (hence high mismatch role to the spontaneous curvature of the lipid species. As can
with the DNA’s charge densityy~ ~ 0.6e/a), the proper be seen, in the case where the HL has a high negative curvature
matching of the DNA molecule and membrane becomes more (CB = —1/25 A), the corrugation is suppressed completely (for
important for obtaining maximal counterion release. This ¢ = 0.25), whereas it is substantiagh(~ 2 A) when the HL
matching can be achieved both by charge density modulationshas a spontaneous curvatureo@f: 1/100 A. The qualitative
and by corrugations. Therefore, we can expect that, if the costreason is as follows. Because charged lipids tend to migrate
of bending is not too great, the highest modulation will be toward the interaction zone with the DNA, the uncharged lipids



Lamellar DNA-Lipid Complexes J. Phys. Chem. B, Vol. 107, No. 15, 2003629

0.8 _ More intricate is the case for complexes formed of rather
a /7N stiff membranes { = 10kgT), where the uncharged lipid
0.75 ,/',..-"'-._\ molecules have a positive spontaneous curvannl}e=(1/100
/o N\ A). For these, we find that the charge density modulations do
h 0.7 /'—\/*\\ not come to a maximum at the point farthest from the interaction
F Y zone, i.e., at the midplane between DNA molecules (solid line
0.65 7./ ‘(;;,_ in Figure 6a). In general, when membranes are stiff, the elastic
-7 NS contribution to the free energy becomes more dominant.
06 L - Furthermore, in this case, the uncharged lipid molecules possess
0 10 20 a (rather low) positive spontaneous curvature, so that elastically
:E(A) it favors the midplane, away from the DNA. However, the same
(neutral) lipid species also tends to be drawward the DNA
0.7 molecule in order to achieve better electrostatic charge matching
) between the DNA and membrane (at a certain elastic penalty).
The optimum of the two contributions, electrostatic and elastic,
0.6 which in this case tend to oppose each other, tends to suppress
h o5 the charge density modulation. The results show that maximum
: charge density is found where the membranemisst flag
reflecting c; = 0. The uncharged species resides both in the
04 negatively curved region (i.e, favorable electrostatic interaction,
unfavorable elastic penalty) and in the positively curved area
0.3 0 10 20 30 40 close to the midplgne (i.e.,_ favorable elastic interaction, unfavor-
T ( A) able electrostatic interaction).
Whenly, is larger, the resulting modulation is somewhat less
Figure 6. 7 as a function ok for (a) ¢ = 0.7 andln = 28 A; (b) ¢ complex. Figure 6b shows the charge density modulations for
= 0.5 andl,, = 43 A. In a and b, the three curves correspond to the same three membrane types as before. This ¢ire0.5

1ksT, ¢} = ¢ = 0 (dashed)x = 10ksT, ¢ = 1/100 A, andct = 0

andl, = 43 A, closely corresponding to the isoelectric point.
(solid); k = 10kgT, ) = —1/25 A, andc$ = 0 (dotted). " ¥ P 0 P

The charge density modulations are smallest for soft mem-
branes, where corrugations are also more prominent. Charge
matching, again, plays an important role in determining the
charge density in the proximity of the DNA. Because the
wrapping of membrane around DNA for a substantial length of
,}éimplies a larger interaction zone between DNA and lipid, a

are expelled to the region outside the interaction zone. However,
the monolayer area outside the interaction zone ipasitive

curvature, so that placing a HL with a negative spontaneous
curvature in that region is unfavorable. Ultimately, the system

tends to suppresses corrugations when the spontaneous curvatu oe - '
of the HL is highly negative, and the bending rigidity is larger region is expected to fulfill the charge matching tendency,
substantial. and thus the change in charge density is the smallest.

3.3. Charge Density Modulations.It has previously been When the membranes are more rigid, i 10ksT, the
shown that charge density modulations can contribute substan-spontaneous curvature of the HL becomes more important in
tially to lowering the complex’s free energyHere, charge and ~ determining the charge density modulations. Figure 6b reveals
curvature modulations are strongly coupled to each other. Thisthat the modulations are largest fof = 1/100 A. For this
is because each lipid species has combined elastic (bending angase, both the electrostatic and elastic considerations to lowering
spontaneous curvature) and electrostatic (charged or unchargedihe free energy coincide. While the helper lipid is expected to
properties. At equilibrium, the lipid arrangement (corrugation be (electrostaticaly) expelled from the interaction zone between
and charge density modulation) will be determined by the DNA and lipid, it also has a (small) positive spontaneous
optimum of the free energy. curvature, which matches the curvature of the noninteracting

Figure 6a shows the charge density modulati@s a function region, i.e., close to the midplane.
of the x coordinate between two adjacent DNA molecules in
the same gallery for a rather small membrane lenigtk 28 4. Concluding Remarks
A and ¢ = 0.7 (very close to the isoelectric point). The
modulations are shown for three different membranes, corre-  In this study, we demonstrated the importance of the coupling
sponding to the ones in the previous section. In general, the between curvature deformation, lipid composition, and ensuing
trend toward charge matching on the DNA and membrane is surface charge density. This coupling is particularly significant
observed (recalb~ ~ 0.6e/a) at the point of closest approach ~When considering the interaction of fluid lipid membranes with
between the membrane and DNA molecules (i.ex at0 and apposed (charged) macromolecules such as proteins and DNA.
x ~ 28 A). At this distance, the effect of the electrostatic The approach we use here for determining the free energy
interaction is strongest. Thus, charge matching of apposed layergnables us to take into account this coupling in a self-consistent
is most effective at this point, enabling a maximal number of manner. For the system of interacting DNA and mixed lipid
counterions to be released from the gap. bilayers, we predict that the curvature and electrostatic contribu-

The charge density modulation is largest when the membranestions to the free energy will favor the formation of corrugated
are most soft, which also corresponds to the case of IargestLg complexes. Not surprisingly, the corrugations are predicted
corrugation. In this case, the importance of charge matching to be particularly large when the membranes are soft (yet not
(hence lowering of the disjoining pressure) is greatest, since soft enough so as to favorthqclrphase). Furthermore, we find
the membrane is wrapped more tightly around the DIRQAF that the maximal corrugation can be found close to (but not
2.5 A for the soft membranes w& ~ 0.5 A for the stiff exactly) at the isoelectric point. Our results suggest that these
membranes). corrugations could be stable with respect to thermal undulations
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for a certain range of membrane compositions and DNA/Lipid
ratio. This may lead to a locking of DNA strands in adjacent
galleries.
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